Abstract: The effects of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) on the oxidation of bonito oil triacylglycerol (TAG) were examined under the absence or presence of a-tocopherol. Synthesized PC or PE having saturated and unsaturated fatty acids in known position were used in this study. Unsaturated PC and PE promoted TAG oxidation under the absence of a-tocopherol. On the contrary, unsaturated PE showed synergistic antioxidant effect with a-tocopherol, while PC had little effect. The strongest synergistic effect was found by 1-palmitoyl (16:0, PA)-2-docosahexaenoyl (22:6n-3)-PE, followed by 1-PA-2-arachidonyl (20:4n-6)-PE, 1,2-dioleoyl (18:1n-9)-PE, and 1-PA-2-linoleoyl (18:2n-6)-PE, respectively.
INTRODUCTION
Tocopherols are most widely used natural antioxidants. They are much more effective when used in combination with other antioxidants such as citric acid and ascorbic acid 1) . Phospholipids (PL) have been also known as synergists in combination with tocopherols. Fish roe lipids 2) and squid tissue lipids 3) contain high levels of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), however, the oxidative stability of these lipids was higher than those of other marine oils containing same or less amounts of EPA and DHA. This would be due to the presence of EPA and DHA as PL form in these lipids with a-tocopherol. Antioxidant synergy of a-tocopherol and PL was reported in the oxidation of sardine oil 4, 5) , salmon oil 6) , and EPA and DHA concentrated oil 7) . Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) have received the most attention for the synergy. Kashima et al. 8) have reported that the oxidative stability of perilla oil increased more markedly by the addition of PE than that of a-tocopherol alone, while PC had no synergistic effect. The higher synergistic effect of PE than that of PC has been reported by other researchers [9] [10] [11] . The oxidative stability of unsaturated lipids increases with decreasing the degree of unsaturation. Thus, the synergistic effect of PL may increase with decreasing the degree of unsaturation 12) . On the other hand, some researchers revealed that PL from marine products containing EPA and DHA showed the strong antioxidant activity with a-tocopherol 3, 6, 10) . In most studies on the synergism of PL and a-tocopherol [4] [5] [6] 8, 10, 11) , PL were prepared from natural origin such as soybean, egg, and marine products. These PL composed of different kinds of saturated and unsaturated fatty acids. Furthermore, they might contain minor compounds affecting the lipid oxidation. Although synthesized PL were used for the study on the effect of PL on lipid oxidation 9, 12, 13) , all of them were saturated PL. To better understand the synergistic effect of PC and PE on the antioxidant activity of tocopherol, in this study, we analyzed the synergistic activity of synthesized PE and PC, which contained saturated and unsaturated fatty acids in the known position.
EXPERIMENTAL

1
1-Palmitoyl (PA)-2-oleoyl (OA)-PC (PA, OA-PC) and 1-PA-2-arachidonoyl (AA)-PC (PA, AA-PC) were purchased from Avanti Polar-Lipids (Alabaster, AL, USA). 1,2-Dipalmitoyl-PC (PA, PA-PC), 1-PA-2-OA-PE (PA, OA-PE), 1-PA-2-linoleoyl (LA)-PE (PA, LA-PE), 1,2-dioleoyl-PE (OA, OA-PE) were obtained from Sigma-Aldrich (Tokyo, Japan).
1-PA-2-AA-PE (PA, AA-PE) and 1-PA-2-DHA-PE (PA, DHA-PE) were prepared by transphosphatidylation of PA, AA-PC or PA, DHA-PC, respectively 14) . This procedure was carried out by the method of Juneja et al. 15) with slight modification. Each PC was dissolved in 1.1 mL ethyl acetate. Then, 200 mM acetate buffer (pH 5.6) containing 87.8 mg ethanolamine salt, 12 mg bovine serum albumin, and phospholipase D were added to initiate the reaction. Stirring was conducted at 300 rpm and 30 for 6 h. PE was extracted with chloroform/methanol/water (60:30:18, v/v/v) and purified by preparative thin layer chromatography (TLC) as previously reported 14) . 1-OA-2-DHA-PE (OA, DHA-PE) was synthesized by porcine pancreatic phopholipase A 2 -catlyzed esterification of 1-oleoyl-lysophosphatidyletanolamine with DHA as previously reported 16) . Each PL gave only a single spot by thin-layer chromatography 17) and none contained tocopherols 18) or peroxides 19) as observed by high-pressure liquid chromatography.
2
Bonito oil was kindly donated from Maruha Co., Japan. Bonito oil (30 g) was passed through a column (50 cm 4 cm i.d.) packed with a 1:1 n-hexane slurry mixture (w/w) of activated carbon and Celite 545 to remove tocopherols and pigments by eluting with n-hexane (1500 mL). The column chromatographic separation was done more than two times and confirmed that the oil contained no tocopherol. The tocopherol content was measured by HPLC equipped with a fluorescence detector 18) . The recovered oil (ca. 30 g) was refined on a silicic acid column (50 cm 4 cm i.d.) (Silicagel 60, Merck, Darmstadt, Germany) by eluting with nhexane (200 mL) and a mixture of diethyl ether/n-hexane solution (5:95 (200 mL), 10:90 (1200 mL), and 20:80 (200 mL), v/v). Triacyglycerol (TAG) fraction eluted with diethyl ether/n-hexane (10:90) was used for the present study as substrate for oxidation. The each purified oil sample gave only a single spot corresponding to TAG on the TLC with normal-phase silica plates (Merck) developed with diethyl ether/n-hexane/acetic acid (40:60:1, v/v/v). The detection of the spot on TLC was done by spraying with 50 aqueous H 2 SO 4 and heating on a hot plate to clear the organic material. Triolein (Merck) was used as standard TAG. The peroxide value of each sample was less than 1.0 meq/kg as determined by the AOCS Official Method 20) . D-a-tocopherol was obtained from Kanto Kagaku, Tokyo, Japan.
3
The fatty acid composition of the bonito oil TAG was determined by gas chromatography (GC) after conversion of fatty acyl groups in the TAG to their methyl esters by heating in a sealed tube at 90-100 for 1h with 7 BF 3 -MeOH in methanol under nitrogen. The methyl ester obtained was purified on a silicic acid column (Silica gel 60; Merck) eluting with n-hexane and a mixture of nhexane/diethyl ether (95:5, v/v). The methyl ester eluted with n-hexane/diethyl ether (95:5, v/v) was subjected to GC. GC analysis was performed on a Shimadzu GC-14B (Shimadzu Seisakusho, Kyoto, Japan) equipped with a f lame-ionization detector and a capillar y column [Omegawax 320 (30 m 0.32 mm i.d.); Supelco, Bellefonte, PA, USA]. The injection port and flame ionization detector were operated at 250 and 260 , respectively, the column temperature being held at 240 .
4
Each 100 mg sample was put in a 5-mL aluminum sealed vial with a butyl-gum septum (GL Science, Tokyo, Japan) and then incubated at 40 in the dark. Before the incubation, the level of oxygen in the headspace gas of the vial was estimated by a GC (Shimadzu GC-14B) 21) . The GC was equipped with a thermal conductivity detector and a stainless steel column (3 m 3.0 mm i.d.) packed with molecular Sieve 5A (GL Science, Tokyo, Japan). The temperatures at the injection port, detector port and column oven were 100 , 100 and 50 , respectively. The helium flow was 50 kpa. A small portion (50 ml) of the headspace gas was taken by a microsyringe through butyl gum septum at selected times oxidation. The decrease ( ) in the oxygen was calculated from the changes in the oxygen ratio to nitrogen as compared with that before incubation. Each sample in three separate vials was subjected to oxidation.
For propanal measurement, lipid sample (100 mg) was put in a 5-mL aluminum sealed vial with a butyl-gum septum (GL Science) and then incubated at 40 in the dark. Volatiles in the headspace of the vial were adsorbed on the SPME fiber coated with divinylbenzene/carboxen/poly (dimethylsiloxane) (Supelco) 22) . Trapped compounds were desorbed at 280 and maintained in the injection port of GC during the whole chromatography run. The injector port was in the splitless mode. GC analysis was done by Shimadzu GC-14B equipped with a flame-ionization detector. Propanal in volatile compounds was separated on a capillary column (Omegawax 320, 30 m 0.32 mm i.d.) at a column temperature 30 (20 min), then raised to 200 (4 /min), and maintained at 200 for 20 min. The injection and the detector were held at 280 and 260 , respectively. Each sample in three separate vials was subjected to oxidation.
Peroxide value was determined according to the AOCS Official Method 20) . Lipid sample (10 g) was incubated at 40 in the dark. At selected time, an aliquat of the sample was weighed for the detemination. Three separate experiments were done for each sample.
PL and a-tocopherol were added to the sample so that the concentrations were 1 and 0.05 , respectively. For each determination there was a little difference in the oxidation rate and the order of the oxidative stability of different samples was unchanged. Each data value was expressed as the mean±SD.
RESULTS
The main fatty acids of bonito oil TAG were DHA (22:6n-3, 26.1 ), palmitic acid (16:0, 16.2 ), oleic acid (18:1n-9, 12.7 ), EPA (20:5n-3, 6.9 ), and 16:1n-7 (6.2 ). shows the effect of synthesized PC on the oxidative stability of bonito oil TAG with or without a-tocopherol. When TAG was oxidized under the absence of a-tocopherol ( ), addition of PA, PA-PC had no effect on the oxidative stability of bonito oil TAG. However, PC containing oleic acid (OA), arachidonic acid (AA), and DHA promoted the oxidation. Under the presence of a-tocopherol ( ), PA, OA-PC and PA, AA-PC did not reduce the oxidative stability of TAG as compared with TAG added a-tocopherol alone. Furthermore, PA, DHA-PC slightly increased the stability.
Addition of PE containing OA decreased the oxidative stability of bonito oil TAG under the absence of a-tocopherol ( ). On the contrary, the stability of TAG increased by the addition of unsaturated PE under the presence of a-tocopherol (
). This synergistic antioxidant activity was different in the fatty acids of PE. PA, DHA-PE showed the strongest synergistic effect, followed by PA, AA-PE, OA, OA-PE, and PA, LA-PE. The strong synergistic activity of PE containing DHA and OA was confirmed by the analysis of peroxide formation ( ) and propanal formation ( ).
DISCUSSION
PL is often used as synergists in combination with phenolic antioxidants. The stabilizing effect of the addition of PL is controversial, and is often attributed to the presence of active minor substrates, such as tocopherols, metal chelators and compounds that accelerate the decomposition of hydroperoxides without producing free radicals. However, the present study clearly revealed that synthesized PE containing no minor active substances had synergistic effect in combination with a-tocopherol; whereas little effect of PC was obser ved ( and ). Other studies [8] [9] [10] [11] have indicated the higher synergistic effect of PE than PC.
Oxidative stability of lipid decreases with increasing the degree of unsaturation. PL containing highly unsaturated fatty acids may be claimed to be susceptible to lipid oxidation and to cause the deterioration of meet or fish products. On the other hand, marine lipids containing EPA and DHA as PL form were oxidatively more stable than those of TAG containing same amounts of EPA and DHA 2, 3) . Ohsima et al. 10) reported the synergistic effect of highly unsaturated PE prepared from fish lipids in the combination with a-tocopherol. The present study showed the effect of fatty acid composition of PE on their synergistic effect using synthetic PE containing saturated and unsaturated fatty
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J. Oleo Sci. 56, (10) 511-516 (2007) acids in known position. Synergistic effect of PE was found in only PE containing unsaturated fatty acids such as OA, LA, AA, and DHA. Among them DHA containing PE showed the strongest synergistic effect. The mechanism responsible for the observed synergy of tocopherols and PL against lipid oxidation is not very well understood, but seems to be related to the involvement of the amino group of PL in the regeneration of tocopherol by hydrogen transfer 1) . Saito and Ishihara 23) reported that choline and ethanolamine, side-chain moieties of PL, strongly inhibited increases in peroxide values in an autoxidation of fish oil. The antioxidant activity of choline was same as that of ethanolamine. However, it is difficult to explain the results observed in the present study only by the antioxidant activity of amino side chain groups. The higher synergistic effect of PE than PC and the effect of their fatty acid composition might be due to the ability to improve the affinity of a-tocopherol toward the lipid substrate. Combination of unsaturated fatty acid moiety and phospholic acid derivative moiety of PE may be important for the increase in the affinity of a-tocopherol. Frankel 1) has demonstrated that synergistic effect of PL are complicated by their multiple functions; they are effective metal chelators, regenerator of phenolic antioxidants and good emulsifying agents. Furthermore, the activity of saturated PE increased with elevating oxidation temperature 13) . On heating at 180 , both PC and PE formed browning products that effectively inhibited the formation of linoleate hydroperoxides, suggesting the higher synergistic activity of PE may be due to the formation of browning materials at elevated temperatures 24) . Thus, it is apparent that the effects of PL on lipid oxidation are strongly affected by the presence of other minor compounds in lipids and oxidation temperature. In multiphase systems such as an emulsion, more factors should be considered. On the other hand, the present study using synthesized PL and highly purified substrate gave a basic consequence, that is; 1) addition of unsaturated PL promotes the lipid oxidation; 2) under the presence of a-tocopherol unsaturated PE has a synergistic effect, but the effect of PC is a little; 3) PE containing DHA and OA shows stronger synergistic effect.
